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I. INTRODUCTION

1, OBJECTIVES

The successful development of the first phase of our blo~
satelllite experiment with seed germination and seedling growth
has required the design, assenbly and extensive testing of a
prectical system for growing healthy seedlings in a small,
sealed container that can be accormodated in the spacecraft and
recovered wilthout damage to the plants after a 3-day orbit. In
order to minimize the possible Interference effects of launch
vibration and acceleration on later growth of the embryo, it has
also been necessary to plan on pre-soaking of the dormant seeds
only just far enough 1n advance of launch to permit ldentifica-
tion and selection of partly swollen grains with vlgorous embryos.
In so fer as possible sll growth processes are to be carried ocut
with the force of gravity at or very close to zero,

Another objective in developing a system for growlng seed-
lings under the essentlally welghtless conditions of orbiltal
flight was to provide for return of the plants with maximm
amounts of tissues for biochemical analyses by one team of
experimenters (Drs, Conrad and Johnson of North American
Avistion) and for anatomical and histochemical studies by a
second team of experimenters (Drs, Edwards and Gray of Emory
University) without compromising the requirements for our
enalysis of the orientation of the seedling organs in the absence

of the gravitational force to which such seedlings have become



adapted during the evolution of the seed plants, This study of
gross morphology as affected by the elimination of the force of
gravity imposed a serious constraint on the method of growing the
seedlings, since the contact of their roots with any solid par-
ticles could not be permitted.

2, WHEAT SEEDLINGS

The cholce of wheat as the test plant was determined by
factors of size, rapidity and reliability of germination, and
previous work with whest seedlings subjected to strong centrifu-
gal forces (3,5). Seeds for all tests of experimental systems
(and leter for the orbital experiment) are being taken from a

certified stock of Triticum aestivum L. (T. wulgesre Vill.) hort.

var, Georgla 1123 (4). Supplies of the latest crop are obtained
in late summer from disease-free stocks with very high percentages
of germination.

The special value of wheat seedlings for experimental study
of the orlentation of coleoptile and roots in the absence of tro-
plstic effects of gravity has been shown (see p. 29) by compara-
tive tests of wheat, rye, barley and oats. When grown in the
special seed holders designed for our experiment (see Figs, 1
and 3 end text below), the regularity of the root system in wheat
provides for quantitative work that could not be carried out with
any other cereal grein., Wheat alone has a pattern of two lateral
(seminal) roots which grow at characteristic, predictable angles
to the primary root, both in our seed holders and when grown in

soll (cf. Teble V, p. 31),




3, CULTURE METHOD

In order to grow the wheat seedlings without contscts be-
tween their roots and solid particles that would introduce the
effects of thigmotropism or traumatropism, it was necessary to
devise a method that would allow the roocts to grow in all pos-
8ible directions from the embryo without touching each other or
any other objects, The orientation of roots is fully as impor-
tant as that of the coleoptile in a study of geotropism,

A relative humidlty of 100%, corresponding to the condi-
tions found within the pores of an arsble soll, was also an es-
sentlal requirement, Since the volume of water needed for growth
of an embryo into a seedling can not be obtained by diffusion
from the water vapor in moist slr, the successful development of
a large seedling during a 3-day experiment required delivery of
the water to the embryo by way of the endosperm, Thls part of
the seed was glso the only available region for holding the seed
and later the ssedling whille the young plant grew in molst air of
normal composition for root environment snd at a favorable temper-
ature for rapid development.

These cultural requirements were met by an original method
of suspending seeds in sets of 12 or 15 within a moist chamber,
with pert of each seed held firmly in contact with films of
water, The design of this special seed holder was worked out
jointly with the other experimenters with wheat seedlings. We
had the technical asssistance of engineers at the Ames Research
Center and at the laboratories of North American Aviotlon where

acceptable models were fabricsted for test hardware.



II, DEVELOPMENT OF SEED HOLDERS

1, EARLY MODELS

Proof of the capacity of the wheat endosperm to absorb and
transmit enocugh water for growth of the embryo was established
first with a branching system of plastlc tubes to which soaked
seeds were attached by short, cloth wicks., ZEach wick was hollow,
with a dlameter just large enough to slip over a plastic side
arm tube that was joined to the central reservoir, The endosperm
portion of & soaked seed was Inserted into the outer end of the
wick and held against the plastic tube and 1ts contents by means
of a short, stesel needle which passed through the wick and endo-
sperm without contact with the embryo,

With the plastic tubes filled with s slurry of fine vermic-
ulite and water, the cloth wicks carried the water to the seeds
by capillarity. Each set of germinating seeds was suspended
within a plasatic c¢ylinder to which was added enocugh water to
maintain 1004 reletive humidity around the seedlings, Tests
showed that the tubes supplied enough water for at leest 6 days
of germinatlon. The molst air preserved the root tips and root
hairs and thus provided for the growth of normal seedlings,

For practical reessons, the method was later changed to in-
sertion of the endosperm directly into the tubular slde arm, in
contact with the wet, porous medium of the reservoir system.
Irials of side erms with inner dlemeters scarcely larger than the
diameter of a partly swollen seed (2) proved that growth ceased
when the expanding seed filled the space and reduced the area of
contact with the water., The minimum internal diameter of the seed
holder arm was found to be 7/32 inch, a size that allowed for a film
of water on all submerged surfaces of the endosperm region when 1t

was fully expanded.




2, PREPROTOTYPE HOLTDERS

The model selected for use in the preprototype hardware is a
system of plastic btubes in which a central stalk has 12 or 15 side
arme, each set at an angle of 45° with one end of the central
reservoir (see Fig,., 1). The short side tubes are arranged in 4
or 5 spiral sets of 3 each, with the vertical spacing determined
by the lengths and forms of seedling organs when they wers grown
in earlier models that were belng rotated on a horizontal clino-
stat (see p, 15). TWhen the system is loasded for an experiment,
the central tube 1s sealed at sach end with an Allen screw after
all air bubbles have been expelled.

The enlarged detall of one arm In Figure 1 shows how the
seed 1s planted by inserting it through a small hols in a rubber
rerbrane that forms a cap over the gide arm. The thickness of
this rubber dam, &s used in our work, has been either 1/128 in.
or 1/65 in., with equally good results in holding the seed and
sesaling the system. The rubber band shown in the figure can be
gither en O-ring or a tiny band of latex rubber, sither of whick
forces the membrane into a groove in the side arm wall near the
end of the arm,

Molded rubber caps have been tested and found to be applied
more easily. They also offer less surface for unwanted contact
with seedling organs and for screening views of orgen tips in
photographic records of growth. These caps are being designed by
Ir, K. Yokoyama, our collaborator in the project at the Ames
Research Center where they will be fabricated in quantity when

an acceptable model has been developed there,
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In order to prevent leakage of water from the side arm by
way of the groove in the seed on the side opposite the embryo,

a blended mixture of lanolin and beeswax (2 to 1 by wt,) 1s
applied after the seed has been planted as shown in the figure.
A small drop of the mixture, just werm enough to liquify, is
placed as indicated but with the losded and planted system in~
verted for this operation. The mixture solidifies rapidly, ad-
heres to the rubber and seed and thereby ailds in holding each
seed in place with proper orlentation of the embryo as shown in
the diagraem,

During the final orbital experiment, thls seal will also
help to hold the seed during launch end the seedling during re-
entry. The rubber membrane, however, is very effective iIn grip-
ping the seed while serving the even more important function of
damping some of the vibration during launch., In tests thus far,
no seed has been dislodged by the simulated profile of launch

vibretions or by the drop test during similated recovery stresses,
3, WATZRIAL TO HOLD WATER AROUND TEE SEED

The choice of medium to hold water inside the seed holders
hes proved to be an exacting step. The meterlal mst provide an
evenly porous framework for capillary flow of water to each seed-
ling during 3 days of germination. It is also important that the
50l1id meterial in the side arm not shrink away from the seed

coats as its water moves into the seed,



Particles of commercial "Vermiculite" that pass through a
sieve with 20 mesh per inch proved effective for early tests but
some lots were inferior. A series of tests with "Perlite", agar
gels and powdered cellulose, alone or mixed with vermiculite,
was carried out over a period of many months. Table I shows
that cellulose alone was better than any other material tested
in tubular holders during 1964,

Mixtures of cellulose and fine vermlculite proved equsally
effective in later tests (see Tables III and IV) but the best
material of all seems to be a vermiculite powder that passes a
40-mesh slieve but is held in an 80-mesh sisve, The uniformity
of the spaces between the particles also perunits pre-loading of
the seed holders before the water 1s added as described on p. 16,
Results with this material and loading method are entered in

Table IV where the medium is listed as very fine vermiculite,




Table I

Growth of Seedlings for 72 Hours with Different Media

1964 Seed Holder Media Seedling Mean Lengths in mm.

Date Position Type Hos, Coleop. P.Root L,Root R,Root
Nov. 7 Erect 01d Vermiculite 12 3.1 18,1 10.9 10.1
Clino. u " 12 3.4 22.5 15,0 14,2

ro32 E " u 12 2.8 18,0 12.9 13,3
C n n 12 2.8 21.3 8.3 10.8

Dec. 1 E New Perlite 15 2.6 13.1 7.6 8.1
E " " 11 2.1 7.7 5.8 6.3

c " n 13 3.4 21,0 14,2 14.2

noog E 01d 0,25% Agar 12 3.0 14.0 8.1 7.8
L " " 11 3.1 13,0 9,1 10,4

c n " 11 4,1 19,8 13,0 13,0

C " " 11 2.6 15,4 11,6 10,6

R E Mew 0.5% Agar 15 4.7 21.5 18.6 14,7
C n n 15 6.4 23,4 19.8 17.8

" 10 E n 1% Agar 11 5,6 16,1 13,7 13,7
C n u 15 3.3 17.0 12,0 12.4

"o E 1t n 12 2,5 18.3 11,3 10,4
C n u 14 2.6 13,7 11.1 10.0

o4 E n n 12 2.3 14,9 4,4 3.6
C " " 15 2.9 20.9 10.3 10,3

R E 01ld Vermiculite 10 3.4 18,4 13,2 12.8
C New ! 14 4,2 25.1 16,5 13.6

c " Cellulose 9 % 16.3 18,9 20,2 19.¢8

E ola u 11 6.5 19.0 13,8 12,5

c New n 13 11.0 25,0 17.2 14,8

vo23 E 014 n 10 7.1 16.6 18,2 15,2
E " n 11 6.0 18.6 14,2 15.0

E R " 12 7.0 20,5 17.5 15,2

c Hew u 9 % 15,6 28.2 23,7 21.2

C N u 14 11.8 28,0 19,9 19,2

C n n 13 9.8 27.0 22,0 19.5

vo26 C u n 15 4,7 20.1 13,0 14,3
c " n 15 6.5 19,3 15.0 15.2

E " " 12 6.7 19.4 17.4 18.3

E 01d " 12 6.5 18,3 15,3 13,3

E ilew " 11 9.5 23,7 19.6 18.6

C n “ 14 9.0 19.3 18,6 16.9

C n " 14 10,9 20.6 19.6 19.2




ITT, PREPROTOTYPE PACKAGE

The package for the experiment has been designed to hold
6 seta of seedlings in 4 non~toxic, plastic chambers, each with
a metallic base, tight cover and a heating blanket to maintain
an internal temperature of aporoximetely 770 7, The sealed and
wrapped chambers are attached to a shock-mounted base as shown
in Pigure 2 with 1 cylinder exposed to show the sssd holder in
place and the space for growth of its 12 seedlings,

The large chamber 1n the diagram has space for 3 sets of 12
seedlings on holdersso spaced that the plants will grow free of
each other until recovery after 3 days, The 3 cylindrical cham-
bers have 1 set of seeds each, with 1 set of 12 to grow until
recovery and the other 2 sets to heve 15 seedlings each,

These sets of 15 seedlings will be killled and fixed during
orbit, one set at 48 hours efter launch and the other after 60
hours of orbit, The fixation will be done by spray from 2 noz-
zles as shown in the base of the exposed cylinder (Fig., 2).

Each nozzle will throw 25 ml, of fixative forced from a steel
cylinder underneath by means of a gas-driven piston on command
from a program in the spacecraft electrical system,

In addition to thermostat control of the temperature in the
growth chanbers, the actual temperature in each chamber will be
recorded through its thermistor, an electronic package attached
to the bzse plete, and a connector for interface with the re-
corder in the spacecraft, The resulting record of temperature
profile during the course of the experiment will provide a basis
for revision of base line growth control data if there are

significant deviations from the 77° F. objective.




Perspective of Preprototype Hardware

(courtesy of No. Amer. Aviation)

Figure Q.
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IV, GROWTH TESTS IN PREPROTOTYPE HARDWARE

1, TESTS WITH INTACT PACKAGES

Development tests with the assembled packages and simulated
stress profiles of launch and recovery were made at the Ames
Research Center. The co-experimenters worked together and, with
the assistance of personnel in the Biosatellite Project at ARC,
plented the seeds in the holders, prepared the package as though
for an orbital experiment, and observed the results after 3 days
of growth between the applications of stress profiles by the gtaff
at ARC, Control packages were prepared and used for parallel
growth tests of seeds not subjected to the stresses of vibration
and acceleration.

The test in November, 1964, failed to produce good seedlings
in either control or experimental package, due to toxic effects
of volatile, fabrication compounds, Even the largest seedlings
in the chanber with 3 sets of unfixed plants were too small to
evaluate the effect of the drop test on the security of the plants
in the holders at re-entry time., The test did prove, however,
that the combination of shock absorbsrs and rubber membranes
around the seeds prevent dislodgement of any seeds during simu-
lated leunch,

The January, 1965, test wilith modified, non-toxic hardware
was satisfactory for most of the biologlcal phases of the exper-
iment, The seedlings grew well In holders that had been properly
loaded and planted. The system of culture was proved to be prac-
tical and all seeds and seedlings were retalned during the stress
profiles. The absence of geotroplc stimulation during the 3-day

orbit was simuilated by turning the experimentsl package on a
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2 rph horizontal clinostat, with temperature control and record
as designed for actual orbit. The control package stood erect to
gravity but otherwise had the same growth conditions although the
seeds lacked possible effects of stresses during launch,

"he measurements of the coleoptiles and roots produced by
growth of the 6 sets 1n each package were reported in detail
earlier (7). A summery of these data, together with measurements
of angzles used to describe the orlentation of the seedling organs
(see p. 19), is included in Table III on p. 26. The letter ¥ after
the hours of growth for the first 3 sets of seedlings in each
packaege indicates fixation by spray at these times after launch
stresses had been applied.

Although the mechanism and solutions for these fixations
worked properly for later snatomical studies of tissues (by Drs.
Edwards and Gray), the force and pattern of the spray was such as
to create a problem for our analysis of the orientation of roots
at the time of each fixation, Hotion pictures of a 7l-hour fixa-
tion sprey showed serious displacement effects, particularly for
long, slender roots, rrom the photograpnlic records (see p. 17 on)
of all fixed seedlings, we made a study of the resulting positions
of the roots and compared the anguler measurements wlth those made
earlier on the position of unfixed roots that had grown in our
laboratory for the same time perlods.

The data in Table II show that the shorter, stiffer roots of
the 48-hour seedlings were not injured. The losses to spray of
the older seedlings was so serious, however, that the force of

the spray must be reduced before further tests are made.
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Table 11
ORIEWTATION OF WFRAT SEEDLING ROOTS FPIXED IN JAJUARY TEST

{ingles measured in plane of face view of plant)

48-hour - no dislocation by strong fixation spray
Test Angles after Jan. Test Angles in Earlier Unfixed Plants
Pkgo.
PR 9% - 352° range n=11 20 - 356° renge n=20
IR 11=294.2+8,8 (232-355) n=12 1=310,7%4 .5 (274=-333) n=20
RR Iz 73.240.8 ( 15-1368) n=12 L= 55.%x4.4 { 20- 85} n=20
Erect
Pl
PR ¥=179.114.5 (163-221) n=12  ¥=181.0%2.2 (155-202) n=26

IR 1=227.3+5.5 (197-258) n=11 W=220,.241.6 (208-243) n=26

.
)
—

=127.847.68 ( 926-180) n=11 1=133.7¢1.6 (119-147) n=26
64~hour - about 30% dislocation by spray,esp. on lower end % one side
Test
Pkg.
Pk 00 - 209° range n=9 240 - 532° range n=24
LR 1i=310.0%18.6 (240-398)n=9 '=292,0%5.9 (227-331) n=24
BRR Ii= 58.3+ 8.2 { 3- 89)n=1)1 Ii= 69.4%5.0 { 37-151) n=24
Erect
Pke.
PR 1=183.916.2 (151-205) n=8 M=180,7t2.0 (165-203) n=22
LR 11=227.4%6.3 (198-251) n=9 K=228,6%5.4 (208-247) n=22
RR 1=130,2%5.3 (113-151) 3=9 =134 .,3%2.9 (108-161) n=22
7l-hour - estimated 75% dislocation by spray plus contacts from

seedlinss spaced too closely on 15-unlt seed holders.

(data for means of angles include standard errors)




2, TESTS IN DISHMANTLED CHANMBERS

The 4 chambers of one of our test packages were removed from
the base plate and stripped of their electrical fittings to per-
mit use of individual chambers for separate experiments., EHach
chamber was attached to a clinostat table so that the growing
plants could be either rotaeted about the axis of the seed holder
or placed erect to gravity with the radicle ends of the embryos
(see Fig. 1) pointed down.

The holes in the lower end of each chamber were sealed to
permlt enclosure within it of enough water for saturation of its
air with water vapor, as in all growth tests with the system,
Temperature was maintained at 77 t 1° F, by placing the chambers
in & dark room with thermostat control of heat and cold air
intake as required.

The separate experiments in the dismantled charmbers, held
elther erect or on rotating clinostats at 1 rph, were carried
out during studies of ways to improve and standardize the cul-
tural procedures, The results of many such growth tests are re~
corded in Tebles III and IV, The dats show both sizes of orgens

and their orientation in the space around the seed.
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V., TECHENIQUES OF LOADING AND PLANTING HOLDERS

The filling of the plastic tubes with 2 proper mixture of
water and a porous medium is essential to germination and growth
in any test, Before May, 1965, we had loaded the system by a
"wet pack" method that avolded air bubbles and allowed wvisual
control of consistency of the mixture before it was placed in
the tubes., Other experimenters were using a "dry pack" method
in which the solld material was poured into the btubes and watered
there with a syringe. DBoth methods used progressive capping of
the side arms as the system was filled; both methods required an
equal and appreciable length of time shortly before the time of
planting seeds,

We have recently perfected a dry peck method that permits
application of the rubber caps and filling of the tubes with
powdered vermiculite in advance of experiment time. A standard
mixer-sheker device is used to settle the particles evenly in the
side arms as the vermiculite is poured intc the upper end (ef. Fig.l).

A few hours before using the system, use a good 10-ml, sy-
ringe to inject water slowly through a smell hole in each rubbsr
cap, starting with the lowest erm (A 1) of the inverted holder
end working slowly up so as to force all air from the open end
of the stalk., Immerse the holder in a cylinder of distilled
water to ellow full hydration of the vermiculite before sealing
the open end and planting the soaked seeds,

The first step in preparing the seed is sterilization for

30 seconds in 0,05% HgCls. The seeds are then rinsed 3 times




and at once lmmersed 1n serated distilled water for 4 hours.

Tests show that a shorter period of imbibition makes it impossible
to select seed with the Dbest embryos and thus to keep the per-
centage of germination close to 100%,

The proper depth of insertion of soaked seed in the side arm
is learned by experience, If the embryo is too near the surface
of the rubber, the coleoptile will either grow into the hole be~-
gide the endosperm or make such a strong contact with the rim of
the side arm as to affect the direction of its later growth.
Shallow planting of the seed reduces the area of seed costs
through which the water enters the endosperm. The disgram in
Figure 1 shows & satisfactory insertion and orientation of the

enmbryo.
VI. PHOTOGRAPHIC RECORDS OF GROWTH FORMS

The direction and form of seedling organ growth can be de-
scribsd fully only by orientation measurements in 3 dimensions.
A permanent record rmst be mede at the close of each experiment
before the seedlings are removed from the holder for measurements
of organ length and later snalyses of the tissues., This record
is being tsken in color on 35 rm, film as soon as the growth cham-
ber hes been opened and notes hsve been made of possible deformi-
ties due to contects of roots with other objects., Each picture is
a record of the 4 or 5 seedlings in one of the 3 vertical rows on
e seed holder (cf, Fig, 1). The 3 exposures of each set of plants
are used as lantern slides with consequent high accuracy in

megsurements from sharp, enlarged projections,
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A corbined camera stand and stage for the sesed holder has
been designed, fabricated and found asdequate for taking good pic-
tures rapldly. Fittings on the stage end of the rack hold a set
of seedlings erect against a black background, A Pentax camera
is attached at the other end of the resck with s fixed focus and
16 stop to provide & deep field of view in each picture,

A mirror on the left of the seed holder reflects a side view
of each seedling when the row of plants i1s adjusted for face
views of them (see Figure 3). An electronic flash besicde the
camera and coupled to the shutter release provides identical,
correct exposures and a brief, Intense lighting that does not
injure the seedling roots,

The zrowth form records of 2 seedlings are shown by traced
sketches in Figure 3 as the organs appear 1n wall projection of
2 color slides, The tracings are from projected pictures of
representative seedlings after 72 hours growth, one on a clino-
stat and the other erect to gravity on a separate seed holder,

A gsecond rack and camera system is needed for a second pic-
ture withi mirror on the right side of seedlings in importent
experiments. The tip of the righthand secondary root is some-
times hidden (c¢f. record sheet on p. 24) behind the side arm if
only a mirror view of the left side of the plant and arm is
aveilable, The second pilcture on a second film will also serve
as insurance against loss of any one film during processing,

The exact form of each root 1s preserved after removal of the
seedling holder from the growth chamber if the pictures are taken
in a room with relstive humldity at 85%. No higher content of

water vapor is required to prevent wilting of the root tips.




COORDINATY IZTHOD I"OR ORIFNTATION ANGIZS

Data Side View IPace View
{(in mm.)

X y Z
C -6 27 22
PR -26 -38 =55
IR -36 55 -29
RR 36 10 -15

PR
LR
RR

l

Figure 3. Tracings of Projected Pictures of Seedlings
(with diagrams and data to show method of collecting
orientation measurements)

19



VII, COLLECTION OF ORIENTATION DATA

The orientation of each seedling organ is described in quan-
titative terms by means of 2 plane angles that can be computed
from measurements taken on projections of seedling plctures, as
1llustrated in Figure 3, The combination of the 2 angles gives
the position of the organ tip in 3 dimensions in relation to the
axis of the plant., If experience shows a need to make an analy-
sis that will take into consideration the curvatures in many
organs, the photographic records will be avallable for this
purpose,

One angle is that formed in a projected face view of a seed-
1:ng between the Y axis through the base of the organ and a line
through the base and tip of the coleoptlle or a root. The coor-
dinates for computing this angle are x and y (see Fig, 3), with
the quaedrant determined by the arithmetic signs of the data.

The second angle is formed in the same way in the projected
slde view of the seedling, with coordinates y and z as the data
for computations. This angle measures the displacement of the
organ tip from the vertical axls through the organ's base, either
toward the camera (left in Fig, 3) or away from the camera,

Veasurements of the 3 coordinates for each organ tip are made
from the color slide projection on a lasrge sheet of graph paper
that 1s fastened to a wall about 8 feet from the projector. With
the verticel lines of the paper oriented with the seed holder axls
in the picture projection, the x, y and z coordinates are taken

with dividers and scaled on an illuminsted part of the paper.




The X and y data are recorded as + or - from the origin as in

ordinary usage, For roots, the z coordinate 1s considered negative

if it is wmeasured left of the 0,0 point on the vertical (Y) axis
in the side view of the seedling; for coleoptile curvatures
toward or away from the camera, the z distance 1s recorded as
positive if it extends left of the Y axls, since the wheat cole-
optile seldom bends toward the side arm.

The sample work sheet on page 22 shows the nature and variety
of the coordinates obtained. This tally system 1s used besidse
the wall projection ss the investigator messures and records the
data., The measurements of organ lengths in rm, had been entered
earlier on the work sheet immediately after the photograph had
been teken. The enlargement by projection can be estimeted rough-
ly from the ratio of 2 straight coleoptile messurement in mm to
the y coordinste in tenths of an inch for the same organ that is
known to have grown straight when the x snd z coordinates are both

ZeYro,
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SAMPIE WORK SHEET
Size and Coordinates of Seedling Organs

)
Exnerimentdgﬂ Q_‘ﬁAﬂ Z'Z_a_g’z &IjeSeeds 2@ ’ﬂediumw
Z

Stalk Row No. CO x [jy Zz PR b 4 v z X ¥ b/ X
A A1 7 -/ /b .8 3; -0 58 -33 /5‘*23}—/6 -3 17 29,4 —/07
2 (0 —~1 132 | z -12 247 o I3 92 -238 /23 25 33.6 -25 -3.5
Hours 39 2 /49 LY 37 <Ay ~bab 433 2239 -2 b2 2] 304132 7.3
7A 406 =l 108 LA 3Y o518 W31 ~198 47 51012 225 -8 /)
SR B 1Y Y £ /S éb -4 -39 -22 19 <313 -~)2.6 .?J[ I7 7.5 —/.jg ?
“:j- 212 0 2b 7 —/0 -Ao ~21 3 4343 -f3,| 25 4.5 -
S 3 b 2 /9 /'/ A5 g %?oe-m-/w 1% -2.3 7
Date : 5 51 2.2 27 3s ——% iz /é ~23.2 52 4/ /é 233 -l
6/“"/"5 C 1 6 0 /] O 3&5-9 ~55-25 20-20.7-/8.6 -5 19 38,6 /3.8 -¥7
Load 2 6 .8 /0.7 23 4224565498 /8 253-Mb 7 20 a7 /Y -2
S\mkev 3 '63 =5 U8l )b 37 <6 86 45 2] 29 4.9 /.7 af 2BY /Y 2]
%m g2 s 5y 7y 27 B2 -8 25 A3 9.3 M7 O
Mean 9,7 387 2> /92,
Stalk Co x. z. PR X z RR x y Z
A1 Y - ‘; 4l 36~.?5,5 ~31, 232 o'll -23. g-/%f.z 347 12 ~¥
2 -27 2 ¢ 19 /t =27 1% -1y 5 -3.4 /b 295 —4,7-5
Hours 3 A 5b 9 2 2617 <262 2.7 1 ~253,2 -5,8 17 216 10 3.9
72 4 2 53 11 2% -15,2-378 253 — /7 2.8 /3% 2.7
. 5 I; -1,% b7 & X 307 -29.1 2 36-(1 ~/2 17 265 -/ -&2
FOSin B 1 7 -4 /08 32 733 S20 —42 15 -27 =2 -%.219 253 % 4.
iwostel 217 34 a¥8 /3 X7 3 /03 /N 30—‘/%/96 ’2, 23 23,7 /6>-/3.%
@l o Z ~hl 7.3 42 2 z,2~37/ -av.7 /8 28,210 /-6 /5 16.Y /5.8 -¥
Date 4 -5 7? 4.b/ i‘i "522 —315, ~7/035 I ~i;zx~//o ;7 / 5@ ;é 2 ?‘f?
5 ".5 " ¢ ~ » ‘a 5
{/"’7/65 c 1 § ~2b 7?? .2 3/ ~1374/zb ~174 ; -20 . /é 27 /6.5 ~7.3
Load 2/)2 <43 Joox /1 3§ -Ib8 332 ~59 27 -328 333 5‘5 /g 3 34 R
Wold 35 2 45 2 30M5-y3 -a/ )1 -2%3 7Y - 12) 25 ~/6,5
4 b 27 95 3.4 29 -3 )5 -33 34 -2 —//,z 17 5.9 2a7Y ~¢&
S 55 .8 7.2 .§ A2 03 -3¢ -/6 /7-;(593 s 20 33 =143 /2
talk C PR X z
e a1 80 F 8?% zﬁ/g 15 -53’—/9.1 /~/ syy—sgs 19 235 43 L2
2 9 25 156 4.1 3§ -4 40,3 40, o ‘>'3:< 25.5 2% 237 263
Hours 3 5 43 97 ) %5 6 —26,1 -289 1 237 -2,% 4¥°87 7
) 4 9 /] 137 o 3R 133 -23 ~}95z -24.3 35 o 3z../; %3 o
5 —/.4 79 2,1 3 -2 Y7 /L-211 /0 4 l7 21 7Y
Posi- . 4 Z -3 /1" 2] 24 113 -12¥ =33 24 —/// —/3.5 -22 /7:«/6 —6/,? Z.e
SBT3 2 gL 43 28 3) 234 50 ~/.7 —
37 3 3 .2 33 31 27 -36 18 -913 339' %6 256 /2 -5
e b 15 97 A3 39-p gl -9l 1§ -2kt 20 -3 1§ 323 5 ¥
7 5 5 =6 79 0 23 /32.-39 -20 15 =21 J2 1 17 R /6 3.5
¢c 14 -5 63 At 28 13 32 -26b72] -3, § S @ /3.5 7 -2
Lo d 2 Z 3 7 3.4 2 203-¥-/8 /6 12 ZF -%2 /8 0% //2 -7
o0 3z 51 Z | 29-/3,2 -3y 32491329 & ~t [/3 a3 5 /
a /) 4b 185 -1 39 /3 -54¥ -37 26 =27 35 -// 2% aby 765 )73
v 54 o 7 |/ 3 s =752 22606 -23 -5 -/0 15 0 3 ~2.,Y
J\'ﬁ/wp Mean § / 295 /83 [

T«.We=touched chamber wall 0 0 0 is code for computer=no record
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VIII. DATA- PROCESSING BY COMPUTER

We are using computer progrsms to obtaln for each seedling
organ 2 angles which deseribe the position of the organ as re-
corded by photography. The angles are computed separately from
the x and y coordinates for the face view angles and from the gz
and y data for the side views. An angle 1s derived from the x/y
or z/y ratio as the tangent of the desired angle. The angle ob-
tained from the side view reflects to some extent the face view
angle but it 1s valid for comparative evaluation of the curvature
in the third dimension,

The computer program for coleoptile curvatures supplies =a
face view angle that reads clockwise in degrees from the ersct
(0°) position. It also computes & side view angle that is measured
as positive (toward the camera) or negative from the +Y axis, The
sample record sheet (next page) shows typical results from the data
on the work sheet (p. 22) for the same 3 sets of seedlings. The
complete program for these computations 1s listed in the appendix
below, The face view and side view angles for the 2 seedlings in
Figure 3 (p. 19) are found to be respectively 347,5 and 39,2 for
the clinostat experiment and O and 14.0 for the erect plant,

The program for root orilentation computes the same 2 angles
for each of the 3 roots. Face view angles read clockwise from 0°
to 3600, The side angles read from 0° to 180° up from the -Y axis,
since the reference position of roots under gravity stimlation
is "down (=180°)., Side angles are recorded as positive if the
root curvature is toward the camera and negative if toward the

holder. See next page for data computed from work sheet data.
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SAMPLE RECORD SHEET

Size and Orientat

ion Angles of Seedling Organs

Experimentu;m. %&22~%ﬁ] ' ﬁg@ersseeds B bust Yedium ]é,z@ucu,(,‘&

Stalk Row No. CO Face Side PR Face Side IR Face Side BR Face Side
A 1Y A6 %3 37 /909 325 /5 2353 /0.6 17 /6o Q0%
A 2 /0 5,7 34 47 /Y0 0O AY 240.5 =27¢ 25 /22,9 T .0
Hours 3 0.8 &% 37 /94T /26 22 2439 -237 2/ //3.8 -29,0
72 4 Z 3545 &b B4 |50 252 /2 2573-31% J2 /09.4 7%
5
Pogi- ; g/ —1h3 17 /)56 o
B 24 /6.6 26 1327 224 /9 248l -
E/gio,n é,’g\ " 25 31 /S 2.1 3 2389 A7F ,}f/ pml 2o
44 5L 0, 2% a5 7 85 40 %S sue L Ly
Date 4 4 2/.‘7 23.3 7 /754 R)¥ /6 236.F/52 ' .
5 o~
bafis L 6 o o 35 /13 3y 20 232y (5 9 /43 253
Load 2 6 73 /%I 42 200.7 K7 /% A T 20 e Sy
Skakec 3 /0 38sy 5/ 37 J95.8 5o A/ 2HA¥ S04 2 7182 8-
mG_ 4 A3 L5 73 5% 7o, 27 2%/5-5%3 a3 /i0.0
g ek g
ywneedds , . 7 /37% 773 3% 375 T [Ta T7E5 TR0
o van 57 FT 177 51 R 7T E KS B 7 77ES T
Stalk ¢ 35 59 36 253 3%s & aebe 15y £ %9 IL
3 . L ~/t . 4 # . v
A % f’; 3‘/9’,/1 QU4 28 300 /06.2 A702 934 /Z 4.7 jA43.3
{ Y3
Hours 3 3 Lo Al A INS 396 14 245 /030 1T 7694 (82
72 4 3 32 7 RE 20L? 333 — 46.2 é//s[ /240 32,7
70 5,/ XY 1163 Y35 7«4 Abo. N 2.2 €30
Poslo 5 2 o T Zis 3 1323 345 |5 akee g0 up sl 154%
/-Zim 2 /7 3713 245 27 29 ;g; 30 iz-o',o‘~ Aodly I 4 X
(ko5 3 4 3514 23 A7 /938 ‘ //Z ass.a. A8 ]7 /023 3Y9
Date s & 3564 2%/ a7 5%0? /50’5,‘7?, 19 30ib 170 A L5E - tuidden
41/ 5 2 300 F1 8% TGl 't 11 asy s b Sy iS6d
¢ 14 39,3 45 3 1966 2. 100 e
Load 2 /2 345/ %A 30 N&x £9/ 21 A An7 )g 737 - bedbe
5 5 6 Mg 30 2055 340 /4 2895 7 35 359 1459
° a4 b W/ A3 X 29 b56 20 26bb 799 I7 J2,2 )69.7
5§ 5_ 63 7/ AT /B2 233 17 194 -J330 22 97.4 703
P o) oun 38 J7 5 T 00 R P T UL T
Stalk ST SR PR TR T, TR R S R
A1 7 53 /6%, - 9 43 « .
2 g ol 147 BB UBsT 449 3;3 aone s N %5153
Hours 38 76 59 a5 Ierl P4 2/ 2755 /860 22 39y g
L0 ¢ 3 4 /231/ 2 ﬁ}g 5 76 2903 isga 17 Y7 507
et w34 W AY 5 Gy e B 0 s B
(o] ) - .
\ 2 § 3097 %o 3( %3 2 355 [689 Y 947 1067
Clinostat 2§ 303 el 5k 08 Yiv s 1h 257 156
Date ¢ L 95 82 30 J3g3 305 /5 2997 -I753 |7 532 ~/67.
7///55 55 3486 0 23 by BT Al RILE B9 bab 69,/
C 14 3YbL Gp AT Y B O 3057 10§ a0 195
shobec & L 305230 0% I Jse 13 w8 198 15 757 Uesy
P 4 Jl THO <32 2§ /623 333 34 A7 /66 2T AP ~I¥.2
VeryFive  5°4 "o 3.0 Bl (6 266 JE 2599 53_:; 5S40 Iy
Wonle: woan G BT 53 MIE (%7 J%F AT sm WA v v

24




The Dartmouth GE high speed computer 1is available to an in-
vestigator on a time-sharing plan by which he can use the system
daily at his convenlence in the afternoon or evening. We send in
our data from a teletype on the ground floor of our Gilman Life
Sciences Laboratory. The programs for our orlentation angles and
for statistical analyses of our results are stored in the com-
puter and have only to be called up for use just before data are
typed in. Results are returned to the same machine within a
minute or two after a set of data has been concluded,

The program for computation of our root sngles is listed in
the appendix of this report. To illustrate the convenlent form
in which results are delivered, the data return for the root
angles of the 2 seedlings in Fig, 3 1s reproduced here, BIOSAT
is the call name of the root program in the computerts file, The
data for the clinostat plant were sent in first, in the form
shown at the end of the program. The face view angles are listed

in the first column,

BIOSAT 4:06 JULY 22,1965

1
PR 214.,4 59,7
IR 514.2 140,4
RR 74.5 123,7

PR 178,2 1l
IR 240,1 25,6
RR 116.1 0
OUT OF DATA IN 110

TIME: 1 SECS

2>



IX. EXPERIMENTAL RESULTS
1. TESTS WITH PREPROTOTYPE HARDWARE

A summary of experimental data and computations from our
photographic records 1s listed in Tables III and IV on the fol-
lowing pages. The entrles represent work done during 1965 with
the growth chambers and other hardware essentially as they will
be operating for the orbital experiment.

The results in the growth tests of wheat were not equally
satisfactory during the first 3 months of 1965, The growth was
often incomplete because water was lacking to the seedlings dur-
ing the later hours of the growth period. The better techniques
used for the experiments reported in Table IV improved the per-
centage of germlination asnd sustained growth but the best methods
and materials were not used until the month of Junse,

In spite of the relatively short coleoptiles and roots in
many of these tests with wheat, the patterns of organ orientation
were much alike for all the experiments., The mean angles for the
erect plants and the nature of the variations in positions taken
by individual organs remaiﬁéd within narrow limits., The patterns
of dlsplacement and curvature in the organs that developed on hor-
izontal clinostats were also more nearly alike than were the sizes
of the organs., This base line data promlses to be appropriate
for evaluation of s flight experiment, The measurable differences
in orientation features between plants erect to gravity and those
grown wlthout geotropic responses show that the orientation as-
pects of growth at zero gravity can probably be appraised in guan-
titative terms without dependence on maximum lengths of roots and

coleoptiles,




Table ITI. SIZE AND ORIENTATION ANGLES OF SEEDLING ORGANS - Part 1

(means of length in mm; mean angles from cocrdinates of organ tips)

Date yrs, Med. Nosi  Coleoptile | Primary Root Left Root Right Root
1965 Lgth Face Side!lgth Face Side {Lgth Face Side | Lgth Face Side
ERECT ?
3-12 k8 C&Vvi12 | 2.4, 2.9 =2.020.8181.7 8.7i10.6 240.3 ih.h |11,0 129.1 1h.1
U v 12 | 2.7 1.7 44.0,19.9 182.2 13.2!15.6 2k0.5 27.5}16.8 1i9.1 10.0
@ on 12 | 2.3 3.4 -&3.9:!8.3 176.6 8.0!10.8 236.7 10.8 |10.5 132.9 16.7
| -
3.16 44 " 11 | L.l 3.1 <2.4121.1 189.0 18.3{19.3 239.8 29.5117.6 126.6 27.2
oo v 12 | 3.7 1.0 +2.9{20.2 180,3 18.7;16.3 235.9 31.1 |14.8 124.2 24.8
3-2372 % 12 k. 6.6 +6.0/29.3 181.2 9.3115.7 226.0 22.0 ;16,1 126.6 23.5
noow " 11 | 3.9 0.5 41.8:22.5174.9 14.5:15.3 228.6 11.7[13.0 124.2 17.1
CLINO“TAI'Fean angles 2.7 3.3 180.8 13.0 235.3 2TI.0 T2h.7 T9.1
>
28 48 BrVer 9 [3.3 5.3 6.5/18.8 76.8i11.2 292.3 129.0{12.2 59.3 126.0
noom w12 | 2.6 h.h 35.7116.0 57.1 8.6 292.8 1hi.71 7.6 73.2 104.1
oo " 13 3.0 3.8 ah.bi17.4 @91.5i11.7 276.6 113.0 {11.0 63.4 154.2
2-17 " C& V12 |3.0 3.7 1.7/19.7 103.h: 1.k 276.1 &+ 91.6 111.5 73.2 128.8
noow "1l 3.8 L.b #1.821.L +88.6:12.3 302.0 15h.6 {14.0 59.2 163.3
] 3.1 43 L0 “T3.5, 11,0 238.0 11.3 85,7 137.3
K 3.0 4oL 92 07.6:13,3 292,9 "13.7 17.0 130.8
3-9 "  Coll. 15 | k.3 17.8 +5.5125.1 95.,0116.0 309.4 151.7 {16.1 69.7 115.3
3«18 " C& V15 | 6. 12.8 +12.3{22.4 19,5'18.5 289.7 108.6 {19.7 67.1 +1140.0
mean 6k .7 L.6 1.7 6.2 203 S7.h 15,9 297.3 133.0 | 16.5 71.3 138.7
2-9 (2 Brver 10 | 8oL 19.k 10.2:30.7 TM29122.2 291.1 +104.7 | 22.56 {17-2 11h.2
n n 7 ! 8,0 13.L + 8.0i34.0 82.9:22.4 312.5° 1kS.2 {23.1 Oh.b 1h7.2
2-18 " €&V 9 12,9 08,9 41k.2/26.8 50.6/23.9 295.0 168.4 |23.6 €6.1 128.9
noon v 12 10,5 12.5 $22.9i31.0 112.9:2h.3 287.2 119.1 [24.0 78.4 131.9
3-12 7 " 15 | 7.3 18.5 415.5126.6 % 53.6:16.2 295.3 4133.6 |17.1 68.1 115.7
3-23 " v 15 6.8 10.8 19.6(28.5 + 35.7121.3 283.0 +105.7 | 22.1 70.9 117.7
329 © v 12 k.9 6.9 414.8!3,.8 +27;1§16;s 283.7 $105.7 [17.8 85.5 82,2
"o " 11 | 3.9 6.9 419.13L.5 18,7:15.6 277.h 11L.6 {16.L 81.1  95.3
"oom YwVer 15 | 5.4 10,6 413.1!37.7 "29,9122.9 293.8 128.8 | 23.2 69.7 8L.7
" v BrVer 15 | 5.1 9.3 415.6!30,L 4 36.5118,2 266,7 % 89,2 {18.8 75.8 $137.5
mean 72 Tz‘tlJ T3 1.7 1'13‘.,3';_'?31. 55,620, 208,06 115,06 | 20.9 73.7 115.
T_sg&at ARC
-ﬁ-f'-haF Cell. 10 | 2.5 1.0 4 5.9:18,6 181,2 21.6| 7.8 229,k 20.7{ 6.2 127.0 + 2.8
8 6LF BrVer 13 | 9.2 2.4 +13.3[hli.3 186,2 -13.1123.7 230,5 25.7 | 23.5 132,7 23.3
9 71F " lh ul-l 09 ‘i'IOQO 3605 18&.6 306 3008 23505 - 9-9 330’-‘ 153@5 - hoo
2, T2 " 12 | k.3 5.9 ¢+ .8{18.1 175.7 18.6{15.4 228.7 21.8 {14.0 133.6 1.0
L " Cell. 10 |{3.9 6.7 + L.1{16.6 189.1 13.3{13.7 235.5 28.2 {13.1 133.2 17.5
11 " BrVer 10 | 6.1 1.7 + 2.5:16.4 202.3 13.7:11.7 2k0.9 33,2 {13.2 125.3 15.6
mean angles 2.9 + 6.1 1865 1L.0 2338 233 13L.2 12,9
CLINOSTAT
#5 LOF Cell. 12 | L.0 11.2 11.8{18.5 ¢ 61.1(12.1 294,13 137.1 |11.9 71.9 +141.3
12 64F BrVer-15 | 6.9 12.5 421.7/27.2 48.8:21.0 305.3 113.8 | 21.5 53.9 1k3.2
1 71F * 12 10,0 20.4 1h.3{32.5 7502[20.8 307.6 137.0 | 21.5 L2.6 136.6
3 72 n 10 [6.6 9.9 11.1{31.L 53.8119,9 259,2 4 77.0 | 20.9 T78.1 +11L.0
7 " Cell. 10 10.0 15.3 3.7{35.2 67.6{22.3 307.6 1k7.h | 20.9 Sk.6 1L3.6
10 * Brver 6 16.5 8.4 18.01L3.3 4 52.h(26.,2 265.5 96.3|25.k 50,141L9.5
mean angles . 13.0 I3.b 59.8 289.9 Ti8.1 58.5- 138.0

Notess #Mean angle curvature of coleoptiie is not mean an\gcle position
- 5 bent t tall )
: for a sjde ajgle ?.nd“cages a)l bgnt aOWargrgm ol (¢ d chamber wall)
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Table IIT,

SIZE AND ORIENTATION ANGLES OF SEEDLING CRGANS - Part 2

(means of length in mm; mean angles from coordinates of organ tips)

Date Hrs. Med. Nos Coleoptile Primary Root Left Root Right Root
1965 : * 1 Lgth Face Side|Lgth Face Side |Lgth Face Side | Lgth Face Side
WHEAT -ERECT
5-7 L8 FiVer 12 | 2,8 5.3 410.2{23.8 175.3 7.7]11.0 239.7 16.2|10.8 118.9 21.5
7-1 60 VFVer 12 | 5.9 3.1 « 4.825.5 185,7 16.L|16,1 235.5 16,7 |1L.9 116.L 22.7
wooon v 12 | 6,7 Lo+ 7.6/27.6 1842 15.4{16.8 240.5 17.1}17.3 122.1 17.5
=15 72 FiVer 11 | L.7 3.8 + 3.5[26.7 178.9 + 7.9{16.1 229.3 +20.6] 1L,k 128,7 1h.1
- 3 n v 11 | 6.0 3.h +11.1)26.9 183.8 9.8[18,2 232,3 24.8]19.1 127.7 13.5
6=26 n YFVer 12 | 5.9 2.0 + 2.6{28.2 187.0 12.0{15.3 239,0 20.1]17.0 117.8 17.L
nooom v 12 | 8,7 L.1 + 7.1{36.7 187.8 +#18.5|20.5 239.5 27.0}19.2 115.5 18,9
nooon m 12 | 9.0 4.7 +11.0|35.0 182.0 11.2|20.1 236.8 30.5]20.5 116.8 19.L
6=20 92 FiVer 11 | 6.8 2.9 + 9.6{30.6 178.0 5.9]21.L 232.8 21.7] 20.5 126.9 17.2
nooom c&vi12 | 7.4 7.0 + 7.2128.3 181.5 12.6]19.8 23L.2 16,8 |20.1 128.3 18.0
mean angles L.0+7.5 182, 11.7 236,0 21.2 121.8 18.0
WHEAT-CLINOSTAT
0.2 L8 river 15 | 2.9 8.7 + 8.720.7 +42.21 7.7 270.8 85.0) 8.3 81.3 91.3
nooon mo15 | 3.1 3.2 412.1120.7 48.3[ 8.5 262.6 61.5| 8.1 96.7 6L.9
mean 48 15 | 3.0 8.0 +10.4}20.7 I5.3| 8.1 266.7 73.3| 8.2 B89.0 TB.1
7-1 60 VFVer 15 | 6.5 15.3 6.2]28.9 +43.0[16,9 297.3 138.2[17.9 77.7 136.5
n o w15 | 6,1 12.7 9.7]29.5 +40,7(18.3 291.7 1L0.0 |16.8 73.6 138.1
mean 60 15 | 3.3 1.0 8.0[29.2 +01.9{17.6 29L.5 139.1 |17.L 75.7 137.3
=I5 72 FiVer 13 [10.0 13.L +21.5[36.8 +39.7]22.3 293.1 +126.1 [ 22,7 83.L 123.9
L-26 n 1L § 5.2 7.9 + 7.0/29.9 3h,.9(15.L 261.1 120.1{17.2 61.8 159.5
noon n 15 | 8.6 10.3 +15.8|37.7 +30.3|19.L 287.0 115.9}20.7 69.0 1hl.L
5- 3 » 15 | L.h 7.2 415.3|29.2 +31.1|17.2 28L.6 11L4.7 | 17.6 69.7 123.5
noom v 15 | L 8,6 +16.8/29.7 Lh.2|17.1 273.2  90.7|17.2 85.2 106.5
510 " C& V15 | 5,2 11.7 +23.2|30.0 27.7{18.7 279.1 105.7 |19.4 75.1 130.1
527 " m 15 | 5,1 6., +19.8}30.9 +37.2|17.8 279.6 106.3 |18.6 7L.5 106.4
noon FivVer 15 | 6.0 10.h +1L.6{28.3 +51,9]18.3 276.5 99.6(18.9 7L.7 109.5
6= b v " 13 | 9.7 19.8 15.2[33.8 61.1{22.,1 280.5 106.5|2L.0 79.5 112.§
LI c& V12 | 6.3 11.3 5.3|27.2 +60.3(16.8 295.7 +130.7 | 16.k 77.6 121.6
6-11 " m 15 | 4.8 11.6 + 7.2|26.9 +5l.0{1L,1 277.7 + 92.1 16,2 67.0 136.3
LI FiVer 15 | 5.5 13.8 +14,1]|29.8 29.0[19.L 279.2 122.1119.8 6L.6 132.6
626 M VFVer 15 | 5.5 10.6 5.5(25,2 68.3{16.1 283.6 +112,1 | 15,7 81.7 10L.5
L v 1} ‘10.6 15.5 10.L4{37.L 55.4]15.1 293.; 132.4 | 18.9 89.2 93.3
mean 72 14.L76,5 11,3 13.7130.9 L7117.8 283.2 112.5 | 18.8 75.2 121.
6-20 92  FiVer 1L ;19.3 17.5 12.9}37.6 L5.8[21.6 282.9 +103.0 | 22.h 7L.L  131.2
BARLEY-ERFCT
To21 L8 Cc&v12 | 3.1 2.9 +14.5(16.8 181.2 7.4{10.1 192.5 18.0}10.1 153.7 18.4
nooon » 12| 3,5 6.2 +9.3/17.9 179.1 5.7|13.1 158.6 21.3 | 12,8 159.1 15.7
BARLEY~CLINOSTAT
T 521 L8 C& V15 | 7.3 10.0 +26.1]|23.9 66,7118.9 257.7 77.9121.9 79.5 95.8
RYE-ERECT
ToAL L8 Cc&V 9 | 3.4 1.7 L.2|27.1 183.7 11.4]12.0 199.9 13.7 | 12.6 169.7 6.3
nooon " 11 1|3,9 5.3 3.,2(33.1182,2 L.6[18.L 188.5 11.3|16.3 160.2 20.2
RYE~CLTINOSTAT
-1 C& V1L | 6.7 15.4 10.0{3Lk.2 52,0/25.0 254.3 78.51} 23.9 129.5 79.9
Notes: Mean angle curvature of coleoptile is not mean angle position
+ for a side angle indicates all curvatures were away from seed holder

FiVer means Fine Vermiculite; VFVer means Very Fine Vermiculite

C & V means a mixture of powdered cellulose and fine vermiculite
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The greatest need for improvemsent in the data for erect and
clinostat growth lles in developing as much uniformity in growth
rates as the biological variastion in the wheat embryos will per=-
mit. More attention to precision in loading the seed holders
with an optimum mixture of vermiculite and water should improve
the base line data as the experimentation is continued.

The results of a few comparable tests with barley and rye
seedlings grown in the same hardware for 48 hours are included in
Table IV. The absence in these plants of a well defined primary
root and a pair of secondary roots growing at characteristic
angles with the longest root prevented strict comparisons with
wheat. The tests were closed at 48 hours to permit use of the
first roots to appear as barley and rye germinated rapidly at
7° F, Only the 3 longest roots were used in the analysis of
orlentation angles.

Although these longer roots showed a lack of precise pattern
in direction of growth when the plants were erect to gravity, the
chenges in orientation angles when grown on a horizontal clino-
stat were very similar to the corresponding changes in wheat
seedlings. The slde view angles of the longest root were 8 to
10 times as large on the clinostat while the corresponding factor
for wheat is only about 4X. The 2 "lateral" roots of barley and
rye, howsver, responded to removal of the troplstic effects of
gravity by about the same factor (6X) as in wheat., The corres-
ponding changes in the face view angles were about the same
among the 3 types of seedlings. Table IV also shows comparable
changes 1n the face and side view angles of the coleoptiles of

wheat, rye and barley when grown on clinostats rather than erect,



The results of this limited experimentation with other grass-
type seedlings mske 1t clear that wheat 1is a better test plant
but that the differences iIn growth form of 1its seedling organs be-
tween experiments with and without the tropistic effects of
gravity are not peculiar to wheat, The supplies and distributlon
of growth regulators within the grass seedling appear to be much
the same between genera although 2 experiments with Avena seed-
lings on clinostats suggest that the regulation of growth in its
seedling organs may be quantitatively different in relation to

geotroplic reactions,
2. WHEAT SEEDLINGS IN SOIL

As a check on the validity of orientation of roots and cole-
optiles grown In our seed holders in comparison with the growth
form of young plants rooted in soll, a serles of 30 seedlings
were grown for 72 hours from seeds planted 1n moilst soll to a
depth of about 1 cm, The seeds were pre-3oaked as in holder
tests and set erect in the soll with the embryo end down, Most
of the soil was washed from the roots at the close of the test.
The seedlings were at once floated above a white surfece in shal-
low water to permit retention of the growth form of each as the
water was slowly plpetted away.

Only the face angles of orientation of roots and coleoptiles
could be measured (with a gonlometer) but they are comparable
with the corresponding angles computed for the erect wheat seed-
lings represented in Tables III and IV. The data for these angles
and the lengths of organs are shown in Table V beside measurements

of growth in 2 other systems,




Table V

Orientation of Wheat Seedlings Grown by Different Systems
{(shown by mean asngles read clockwise from 0° for erect position*)
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3, WHEAT SEEDLINGS ON AGAR

A third method of seedling culture has been developed at the
Ames Research Center by Dr. K. Yokoyama, the group leader in de-~
veloping the wheat seedlings experliment. In collaboration with
the co-experimenters, he has been germinating the same wheat seeds
on a gel of 2% agar inside a moist chamber formed by a pair of
Petri dishes. Growth takes place in a dark chamber at 77 + 1° F,

A pre-sosked seed 1s set tightly in a small cavity in an
agar plate, with the embryo clear of the surface but parallel to
it. The chember 1s supported so that the embryo 1is erect to
gravity except 1n clinostat experiments for which the chamber 1is
turned on the axis of the embryo at 1 revolution in 40 minutes.
Other tests were msde with the embryo elither horizontsl to gravity
or inverted but Table V Includes only data from tests that cor-
respond to our 72-hour tests with seedlings iIn soill or seed
holders of the preprototype hardware.

Since the seedling organs remain clear of the agar, the
face view angles can be measured with a goniometer without open-
ing the chamber. Side view angles can not be measured. Length
of organs 1is measured Iin mn,

The dsta in Table V show that the seedlings grow on agar
more rapidly than in our seed holders but neither experimental
method supplies water through the endosperm st rates comparable
with the rate of entry through roots in soil, On the whole the
agar method is less relisble than the holder method in producing

lateral roots at angles found in soil-grown plants. The tips of

these roots are definitely lower than for seed holder plants,




perhaps because of thelr greater length and weight of poorly sup-
ported tissues, However, these roots alsc have their tips mch
nearer the 180° line when grown on the horizontal clinostat,

where the welght factor does not apply except possibly at the time
of angle measurement.

Other differences between agar-grown seedlings and those in
our seed holders include grester increases in length of coleoptile
and lateral roots (but not primary root) for a clinostat plant.
The cause of this difference in elongation rates by elimination
of the effects of gravity is unknown,

Neither the length not the mean position of the primary root
seems Lo be affected by the removal of gravity stimnlation. The
apparent incresse in degrees for the primary root position of
ager seedlings (see Table V, last line) is not informative since
it does not take into account the actuel mean curveture of the
root from the 180° position. The number of displacements above
and below this reference point hes not been considered. The mean
curvatures for the primary root have not yet been computed for
primary roots on either seed holder or agar-grown seedlings but
the data for curvatures in coleopbtiles are recorded in Table V on
the basis of corresponding mesn variations from the 0% position,
They show that the mean curvatures in coleoptiles increase on the
clinostat for both seed holder and agar-grown seedlings, with the
proportionately greater increment for agar-grown plants probably
due to the greater length of the organ.

Certain other characteristics of growth of wheat seedlings

on agar in comparison with growth in our seed holders are less
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interesting slthough they help to emphasize subtle differences

in the microenvironment of the 2 culture metheds by which roots
can be caused to grow free of solld materials, The agar method,
however, has no provisions for measurements of organ orientation
in the third dimenslion. Since these measurements prove to be
significant in comparisons between plants grown with and without
the tropistic effects of gravity (see below and Tables III and IV),
and because of the closer agreement in growith form with plants
grown erect In soll, our seed holder method for the orbital ex~

periment seems to be preferable as well as proven practical.
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X. CONCLUSIONS FROL. EXPERIIENTAL RESULTS

1, Genersal

The reasonably good consistency in the orientation of seed-
ling organs for wheat plants grown either erect or on clinostats,
in seed holders of the form now accepted for our preprototype
hardware, is very encouraging for good results from the orbital
experiment. The varlatlons in length of organs in a set of seed-
lings on one holder are not great enough to introduce unacceptable
variations in the angles by which we shall measure orientation,
The variations in data for these angles are also not so great as
to interfere with the use of means from one set of seedlings for
comparison with means from other experiments or with means in
base line measurements,

Data for the orientation features of the 6 sets of sesdlings
that will grow in orbit will very probably be adequate for evalu-
ation of the effects of zero gravity on the growth regulators
within the seedling organs. At the same time the quantitative
data for seedling growth in the absence of gravitational force
will provide a unique check on the validity of the horizontal
clinostat in simlating zero gravity in relation to geotropism,

2. Data from Coleoptiles

In spite of appreciable curvsiures In some coleoptlles
grown erect to gravity, the means of such displacements from the
vertical are so small that the corresponding data for the face
view end side view angles from the orbital experiment should
provide useful criteria for the effects of zero gravity. The
clinostat tests show larger means of curvatures that increase

with the lengths of the coleoptiles.



3, Data from Primary Roots

The experimental data of our work give only partial support
to Rufelt's 1dea (8) that the central root is plagiotropic rather
than orthotropic. The means for its orlentation angle in erect
plants in our seed holders are only a few degrees from the ver-
tical, as they are in soill and on agar (Table V) if measured in
face view, The means of side view curvatures for erect plants
(Tables III and IV) are seldom large or computed from bends in
the same direction for s set of seedlings.

In the absence of gravitatlonal stimilation, however, there
is a tendency toward strong curvatures in one direction (toward
the camera) as one would expect from a plagiotroplc organ such
as a branch (6) when the movement of the root's auxin toward the
lower side (1) was prevented. There 1s no such tendency for
hyponastic (or epinastic) curvature either above or below 180°
in the face view (cf. record sheet data on p, 24). The "primary"
root does show large curvatures in this face view plane when
freed from the directive effects of gravity but the curvatures
are random in size and direction. If this root is plagiotropiec
at all, the tendency 1ls to grow outside the plane of the face of
the embryo but in no one plane in the third dimension,

As a criterion of the formative effects of weightlessness
in our orbital experiment, the side view angle of the primary
root will be very important if the effects resemble those on the
clinostat. The pattern of face view angles will probably be more
significant than the mean for any one set of seedlings but the
mean curvatures (not computed for Tables III to V) of the primary
root in the plane of the lateral roots may turn out to be sig-

nificant also,
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4, Data from Lateral Roots,

Both face view and side view angles of the plagiotropic
seminal roots can be used as criteria of orientetion effects at
zero gravity. As measured on the clinostat without directive
effects of gravity, the angles have changed, in the plane of the
two roots, from about 1250 and 235° for erect seedlings to about
752 and 285°, In both cases the tips of the roots have been
raised from the down position by 50°, This can be understood on
sn auxin control basis that corresponds to the condition demon-~
strated by Lyon (6) for lateral branches, since Boysen-Jensen (1)
proved that suxin is unevenly distributed in horlzontal roots,
The changes in the side view anglqs of the same roots from sbout
20° for erect seedlings to angles about 6 times as great (see
Tables III and IV) without the gravitational effect on the auxin
does not mean that the lateral roots are plagiotroplc also in the
third dimension., The difference lies in the mixed + and - signs
on the side vlew angles of both erect and clinostat seedlings, as
1llustraeted in the record sheets on p. 24.

Until we experiment further with these lateral root curva-
tures, and particularly until we have the date from the orbital
experiment, we cannot explain the behavior of these roots as
viewed from the side of the embryo. The problem seems to be one
of auxin origin and transport within the roots, as 1t probably
is also for understanding the greater curvatures in the primary
root in the sbsence of the effects of gravity. As criteria for
the effects of weightlessness, however, the orlentatlon angles
for both face and side views of the lateral roots will be par-

ticulérly valuable,
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XI. PLANS FOR MORE EXPERIMENTAL STUDIES

We shall continue to seek lmprovement in technligques of load-
ing and capping the seed holders, The 1965 seed crop will be
tested as soon as 1t is available, with the hope that the vigor
and percentage of germination will be very high, INore data will
be collected for the growth of rye, barley and perhaps oats for
use in Interpreting the orientation peculiarities of all these
seedlings In terms of thelr growth regulators,

The question of orientation of the primary root of wheat,
when grown elther erect or on a clinestat, will be explored
further by computations of the means of curvature from 180°,

The results of this method for the coleoptile curvatures proved
so instructive that we expect 1t to provide at least some infor-
mation relative to Rufelt's plaglotroplc theory (8). Our tri-
dimensional method for measuring curvatures can probably be ex-
ploited to advantage in this field,

Until scceptable experiments can be carried out with appli-
catlons of exogenous auxin to roots, the interpretatlons of growth
curvatures will lack a sound foundation. With the wheat roots so
slender and all roots so sensitive to contact with solid bodiles,
we expect to have major dlfficultles 1n supplying exogenocus auxin
to roots growing in our seed holders., We shall combine efforts in
this area wlth attempts to grow uniform control seedlings by the
use of the best materials that we can supply to the problem,

Our previous attempts to germinate Dicotyledonous seeds in

special holders and moist chambers will be resumed as time permits,
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We hope to perfect methods for growing roots large enough for
use 1in quantitative experiments with auxin, mich as we were sble
to do earlier with branches (6), The use of radioactive IAA~Cl4
on either eplcotyls or thick roots still appears to be a promis-
ing 1line of approach to auxin physlology in seedlings. Some
type of peas (Pisum) offer the best prospects for a test plant
but bacterial infections asre difficult to eliminate in our moist
chambers. We rmst devise better methods of sterilization and
culture before we can expect to grow good seedlings in the num-
bers required for quantitative data, We have some special

apparatus for work with such seedlings and plan to use 1t soon.
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APPENDIX
COMPUTER PROGRAMS

l. Angles of a Coleoptile

10

PRINT "ANGLE A, "ANGLE B"
REM THIS PROGRAM MEASURES ANGULAR GROWTH OF GRASS
REM COLEOPTILE WITH REFERENCE TO NORMAL ERECT POSITION
LET C = 180/3,14159
READ X, Y, Z
B = ATN(Z/Y)#C
LET A = ATN(X/Y)C
IF A >= 0 THEN 90
LET A = 360 + A
IF B >0 THEN 120
LET B = INT(10%B + ,5)/10
GO TO 130
INT(10%B ~ ,5)/10
INT(10%A + ,5)/10
PRINT A, B
GO TO 40
DATA -6,27,22,0,16,4
END

2
2>
inu

(These data from p. 19; for angles see p. 23)

2. Angles of Roots

10

20

90
100
110
120
130
140
145
150
160
170
180
190
200
210
220
230
240
250
260
270
280

REM THIS PROGRAM COMPUTES THE SOLID ANGLES OF THE THREE
REM ROOTS OF THE PLANT GROWING UNDER VARIOUS CONDITIONS
ILET C = 180/3,14159
FOR I =1 TO 3

READ X(I), Y(I), Z(I)
NEXT I
FOR I=1T0 3

IF I > 1 THEN 170

LET Y = Y(I)

PRINT "PR";

GO TO 210

IF I > 2 THEN 200

PRINT "LR";

GO TO 210

PRINT "RR";

LET Y = ¥Y(I)

IF Y = 0 THEN 500

IET A = ATN( X(I) / Y(I) ) *¢C
LET B = ATN( 2(I) / ¥(I) ) *¢C
IF Y > O THEN 280

LET A = A + 180

LET B= B + 180

IF A »= O THEN 300
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(root program cont'd)

290
300
310
320
330
340
350
360
370
380
390
400
410
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
900
201
999

LET A = A + 360
IF B > O THEN 320
LET B= B + 360
IET B= B - 180
IF B »= O THEN 360
LET B= B - 0,05
GO TO 370
IET B= B + 0,05
ILET A= A + 0,05
PRINT INT(10%#A)/10; INT(10%*B)/10
NEXT I
PRINT
GO TO 100
IF X(I) = O THEN 580
IF X(I) > O THEN 540

IET A = 270
GO TO 550
LET A = 90

IF 2(I) <>0 THEN 590
PRINT A: "UNDEF"

GO TO 390

IF Z(I) = O THEN 660
IFZ(I) » O THEN 620

IET B = 90
GO TO 630
LET B = =90

IF X(I) <>0 THEN 380

PRINT "UNDEF"; B

GO TO 390

PRINT "ATYPICAL CASE"

GO TO 390

DATA -26,-38,-65,-36,35,-29,36,10,-15
DATA 2,-62,-12,-40,-23,-11,45,-22,0
END

(these data from p. 19; for angles see p, 25)

NASA-Langley, 1967




